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1
TRANSMITTER PUSHING COMPENSATION
FOR RADAR STABILITY ENHANCEMENT

FIELD OF THE INVENTION

The present invention relates to signal processing systems
and methods for use in radar applications, and more particu-
larly, to systems and methods for compensating for transmit-
ter instability in radar systems.

BACKGROUND

Radar systems used to detect the presence, position, and
other characteristics of both natural and man-made objects
are critical to both civilian and military operations. These
systems typically transmit “beams” or electromagnetic (EM)
signals toward targets, and process reflected return signals (or
echoes) for object identification and characterization. The
presence of clutter in these return signals creates a significant
technical challenge in accurately processing return signals.
This clutter decreases radar performance by hindering the
system’s ability to detect targets and/or increases the prob-
ability of a false target detection.

The negative effects of this received clutter can be reduced
by the radar system’s ability to produce multiple coherent
pulses. This radar “stability” includes the radar transmitter’s
ability to generate uniform pulses that have consistent ampli-
tude and phase from pulse to pulse. In particular, in current
moving target indicator (MTI) radar systems, for example,
pulses received from the target are delayed in time until the
arrival of a second pulse. The first delayed pulse is then
subtracted from the second pulse. As a result, stationary clut-
ter is cancelled, and a moving target is more readily identifi-
able. However, the effectiveness of these clutter reduction
methods is limited by the degree to which the transmitted
pulses within a coherent interval do not perfectly replicate
one another (i.e. instability). For example, when a transmitter
power supply voltage changes from pulse to pulse (transmit-
ter “push”), phase and amplitude modulations are produced in
the signal, thus degrading clutter cancellation. This is particu-
larly the case when the pulse repetition frequency (PRF)
changes from coherent interval to coherent interval. This
instability is often difficult to detect and isolate. As a result,
clutter rejection requirements of modern radar systems can
impose very strict pulse-to-pulse stability requirements on
the radar system’s electronics, which can considerably
increase system cost.

Attempts have been made to address these problems by
extracting or compensating the pushing factor from large
clutter returns. More specifically, amplitude and phase data
from these returns obtained from clutter processing are used
to create compensation factors which adjust weights applied
during Doppler processing. Such techniques have several
drawbacks. For example, they utilize average pushing errors,
and thus averaged cancellation factors to reduce clutter based
errors, target contamination errors, and antenna motion
errors, despite the fact that these errors actually vary pulse-
to-pulse.

Accordingly, alternative methods and systems for increas-
ing transmitter stability in a radar system are desired.

SUMMARY

In an embodiment of the present disclosure, a compensated
radar system is provided. The system includes a transmitter
for generating bursts of pulses with a different PRF per coher-
ent interval, a receiver, an antenna operatively coupled to the
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transmitter and the receiver, and a processor operatively con-
nected to the output of the receiver. A reception channel of the
system directly measures transmitted pulses from the output
of the transmitter across a number of PRFs via a coupler.
Amplitude and phase comparisons are made between each
pulse in a coherent interval and the last pulse in a coherent
interval. The processor is configured to generate compensa-
tion factors of weights representing the difference between
each pulse and the last pulse of the coherent interval, and
apply the compensation factors to the Doppler filter weights.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of a radar system
useful for describing embodiments of the present disclosure.

FIG. 2 is a simplified block diagram of a radar and signal
processing system according to an embodiment of the present
disclosure.

FIG. 3 is a graphical representation illustrating transmitter
pushing, including pulse-to-pulse phase changes within a
given multi-pulse burst.

FIG. 4 is a process flow diagram illustrating an exemplary
pushing compensation method according to an embodiment
of the present disclosure.

DETAILED DESCRIPTION

Itis to be understood that the figures and descriptions of the
present invention have been simplified to illustrate elements
that are relevant for a clear understanding of the present
invention, while eliminating, for purposes of clarity, many
other elements found in typical remote sensing systems, such
as pulse and pulse-Doppler radar systems. However, because
such elements are well known in the art, and because they do
not facilitate a better understanding of the present invention,
a discussion of such elements is not provided herein. The
disclosure herein is directed to all such variations and modi-
fications known to those skilled in the art.

In the following detailed description, reference is made to
the accompanying drawings that show, by way of illustration,
specific embodiments in which the invention may be prac-
ticed. It is to be understood that the various embodiments of
the invention, although different, are not necessarily mutually
exclusive. Furthermore, a particular feature, structure, or
characteristic described herein in connection with one
embodiment may be implemented within other embodiments
without departing from the scope of the invention. In addi-
tion, it is to be understood that the location or arrangement of
individual elements within each disclosed embodiment may
be modified without departing from the scope of the inven-
tion. The following detailed description is, therefore, not to be
taken in a limiting sense, and the scope of the present inven-
tion is defined only by the appended claims, appropriately
interpreted, along with the full range of equivalents to which
the claims are entitled. In the drawings, like numerals refer to
the same or similar functionality throughout several views.

As set forth above, transmitter push is typically the largest
detrimental factor affecting the stability of modern radar sys-
tems, which in turn limits the clutter cancellation capability of
the system. Embodiments of the present disclosure may
improve radar instability compensation by directly measur-
ing transmitter output variations, rather than attempting to
measure these characteristics in received radar returns.

Referring generally to FIG. 1, embodiments of the present
invention will be described herein as implemented into an
exemplary pulse-Doppler radar system. As will be under-
stood by one of ordinary skill in the art, a pulse-Doppler
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system 10 may comprise a transmitter 12 for providing a
series of defined pulses to an antenna 16. Return signals
(reflections) from each pulse are subsequently received via
antenna 16 and provided to at least one receiver 20 or front-
end module for signal modulation. Receiver 20 may include,
by way of example only, processing components, including
one or more filters, a low-noise amplifier and a down con-
verter, as will be understood by one of ordinary skill in the art.
At least one analog to digital converter (ADC) is provided for
converting received analog return signals to digital form. A
circulator or switching element 14 is provided for disconnect-
ing the transmitter to establish a path to the receiver channel
between transmission and reception operations.

System 10 may also include, by way of non-limiting
example, a receiver protection device 18 comprising one or
more RF power limiters to block sensitive circuit components
from excess RF power. Further, receiver protection device 18
may also include sensitivity time control (STC) circuits, and/
or swept gain attenuators. The functionality of these devices
is well-known to those of ordinary skill in the art, and thus,
further description thereof has not been provided for the
purposes of brevity. A pulse compression module 22 is opera-
tive to receive post-A/D digitized in-phase and quadrature-
phase (I/Q) signal data from antenna 16. As will be under-
stood by one of ordinary skill in the art, pulse compression
techniques may be implemented to achieve high range reso-
Iution without the need for high-powered antennas. Pulse
compression may be accomplished by various filtering and/or
line delay arrangements. For example, pulse compression
may be achieved by applying a Fast Fourier Transform (FFT)
to a received time-domain signal, thereby converting the data
to the frequency domain. A weighting factor, or pulse com-
pression weight (e.g. in the form of a vector-matrix) is applied
in the frequency domain. An inverse FFT (IFFT) is applied to
return the data streams to the time-domain. The output of
pulse compression module 22 comprises modulated data
which may be subject to further processing, such as sampling
the incoming data into range cells or bins, generating one
sample in each range bin for each pulse. Range bin data is
provided to one or more Doppler filters 24, generating a series
of Doppler bins for each range cell. Data from a particular
Doppler bin corresponds to a signal from a target or back-
ground, at a given range, moving at a particular speed. Once
processed, return data is used for clutter reduction and detec-
tion processing, operative to, for example, perform a thresh-
old detection process against a time-averaged background
map.

Referring generally to FIG. 2, aradar system 30 is provided
which comprises a similar arrangement to system 10 of FIG.
1, including a transmitting channel having a transmitter 32, a
circulator 14 and an antenna 16. Likewise a receiver channel
is provided, including a receiver protection device 38 as well
as a receiver and A/D converter 31. As set forth above with
respect to FIG. 1, system 30 may include at least one pulse
compression module 34 operative to receive digital return
signal data from receiver 31 The output of pulse compression
module 34 may be sampled and sorted into range bins by
Doppler filter(s) 36, which receives the time-domain complex
data streams for conversion into the frequency domain to sort
data into a plurality of Doppler bins for a given range (e.g. for
each range bin) prior to detection processing. System 30
further includes a separate transmission line or reception
channel 37 arranged between the output of transmitter 32 and
the input of receiver 31. In one exemplary embodiment,
reception channel 37 may be placed in selective communica-
tion with receiver 31 via a switch 39.
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Reception channel 37 is operative to transmit the output of
transmitter 32 to receiver 31, facilitating the direct measure-
ment of pulse-to-pulse amplitude and phase changes of the
output of the transmitter. This may be achieved by, for
example, leaving receiver 31, including ADC, in an operative
state during transmission operations. Transmitted pulses
which are coupled to the receiving channel are provided to the
subsequent digital processing components, such as a pushing
measurement computer processor 35.

Pushing measurement processor 35 is operative to measure
transmitter push at the output of pulse compressor 34. This
may include measuring variations in pulse characteristics
between received transmitter output pulses in the coherent
interval and a reference pulse. In one embodiment, the refer-
ence pulse may comprise the last pulse in a coherent interval.
The system and method of the present disclosure utilizes the
pulse settling within a burst output from the transmitter and
measured directly by the receiver to provide the compensa-
tion and correction factors for reducing transmitter instability
manifest in the return (reflected) signals of interest. The dia-
gram of FIG. 3 represents the phase difference as a function of
sample number for an exemplary transmitted burst 21 com-
prising eight pulses, which include a first pulse 23 and an
eighth pulse 25. As illustrated, an exponentially decreasing
phase difference between first pulse 23 and eighth pulse 25 is
present as a result transmitter pushing. Pushing measurement
processor 35 may utilize the eighth pulse 25 as the reference
pulse for measuring the pulse-to-pulse phase (and amplitude)
variations between remaining pulses 1-7.

From these measured variations, complex correction or
compensation factors, or weights, w,, w,  ®, may be gen-
erated, stored into memory, and subsequently applied to the
Doppler filter weights corresponding to each received return
pulse for significantly reducing or eliminating the negative
effects of the transmitter instability. In one exemplary
embodiment, the weights are computed for each pulse to
compensate for amplitude and phase change between each
pulse (e.g. pulses 1-7) and the last or reference pulse (e.g.
pulse 8) in a coherent interval. In this way, embodiments of
the present disclosure measure the pulse-to-pulse systematic
variations of the radar system and removes them from subse-
quent processing.

In one exemplary embodiment, sampled complex I/O data
associated with each of the N pulses of the transmitter output
are received and their amplitudes A, and corresponding
phases &/ are measured by pushing measurement processor
3s:

AP AN Eq.1

Using A ,¢’®" as a reference pulse, a compensation vector
may be calculated for each of pulse. This compensation vec-
tor may be generated by taking the complex conjugate of the
sampled peak of the pulse-compressed output for each iden-
tified pulse:

A_NEJ’@’N -0y . A_Nej@w ~Oy-1) Eq. 2

Ay An-1

Finally, a corresponding compensation vector or compen-
sation factor may be applied to each received pulse. This may
be achieved, for example, by altering the coefficients of each
of Doppler filters 36 (FIG. 2). Alternatively, the compensa-
tion factors may be applied directly to the received return data
prior to Doppler filtering.
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Referring again to FIG. 2, a control processor 33 may be
provided for controlling the functionality of the above-de-
scribed embodiments. For example, control processor 33 may
be used to control the on and off timing of the receiver/ADC
31. Moreover, control processor 33 (or pushing measurement
processor 35) may be responsive to transmitter 32 for corre-
lating a given transmitter output pulse transmitted over recep-
tion channel 37 with a received return pulse, as well as with a
corresponding compensation factor or weight, on a pulse-by-
pulse basis within a coherent interval. More specifically, for a
known PRF and a known quantity of output pulses of a given
pulse burst, control processor 33 may differentiate between
digitized data received via receiver 31 corresponding to
received reflected return signals, and transmitter output sig-
nals received via reception channel 37 (i.e. output signals
associated with the zero range transmitter return). Once iden-
tified, the zero range transmitter output signals may be used to
generate pushing measurements and/or correction factors, as
set forth above. These correction factors are then correlated
and subsequently applied to return signals corresponding to
the transmitter output from which they were generated. The
control processor may also determine the timing associated
with computing the correction factors.

FIG. 4 is a process flow diagram illustrating an exemplary
stability compensation method 60 according to the present
disclosure. In step 62, an EM burst is transmitted comprising
N pulses. A direct measurement of characteristics (e.g. ampli-
tude and phase) of each of the transmitted pulses is made in
step 64. Step 66 includes comparing the measured character-
istic of each pulse N to a reference value (e.g. the last trans-
mitted pulse in each coherent interval). As set forth above, the
results of this comparison are used to generate a compensa-
tion factor for each pulse, such as a complex weight in step 68.
This weight is correlated with and applied to a received return
of'the transmitted pulse in order to minimize or eliminate the
effects of pulse to pulse variations in subsequent clutter and
detection processing. This process may or may not be per-
formed for every transmitted signal, but rather may be per-
formed only intermittently, such as after a change in the PRF
from coherent interval to coherent interval.

It should be understood that the embodiments described
herein address the weaknesses of the prior art to achieve
significant improvement in overall radar system stability. In
addition to computing pushing errors for each pulse, the
embodiments directly measure and correct the transmitter
pushing, and do not depend on a return signal. The system
does not rely on a stable return on every pulse interval, or
assuming that pushing is similar for each pulse and integrat-
ing an average. No clutter map-based selection is needed. The
prior art requires an averaging of the clutter-based compen-
sation factors to reduce the clutter based errors, target con-
tamination errors and antenna motion errors. The present
embodiments are free of clutter, target or antenna motion
based errors and requires therefore no averaging which means
that the Doppler filter can be adapted/corrected for each PRI.

It should be understood that systems and methods of the
present invention may be used to reduce or eliminate the
detrimental effects of instability in remote sensing systems of
a variety of types, including sonar, radar, navigation and
guidance systems.

The embodiments are provided by way of example only,
and other embodiments for implementing the methods
described herein may be contemplated by one of skill in the
pertinent art without departing from the intended scope of this
disclosure. For example, systems, including the pushing mea-
surement devices, may include memory containing data,
which may include instructions, the instructions when

40

45

50

55

60

6

executed by a processor or multiple processors, cause the
steps of a method for performing the signal processing and
weight creation set forth herein. Software may be embodied
in a non-transitory machine readable medium upon which
software instructions may be stored, the stored instructions
when executed by a processor cause the processor to perform
the steps of the methods described herein. Any suitable
machine readable medium may be used, including but not
limited to, magnetic or optical disks, for example CD-ROM,
DVD-ROM, floppy disks and the like. Other media also fall
within the intended scope of this disclosure, for example,
dynamic random access memory (DRAM), random access
memory (RAM), read-only memory (ROM) or flash memory
may also be used.

In one embodiment, the pushing hardware and software
can be implemented using any real time operating system
software and associated DSP hardware, an FPGA, custom
hardware and software, by way of non-limiting examples
only. The processor type and software must be configured
such that the timing of the system can be maintained. For
example, an FPGA may be implemented for the ADC portion
of the control, while the weights may be implemented by a
processor, such as that used by a computer running suitable
software instructions.

While the foregoing invention has been described with
reference to the above-described embodiment, various modi-
fications and changes can be made without departing from the
spirit of the invention. Accordingly, all such modifications
and changes are considered to be within the scope of the
appended claims. Accordingly, the specification and the
drawings are to be regarded in an illustrative rather than a
restrictive sense. The accompanying drawings that form a
part hereof, show by way of illustration, and not of limitation,
specific embodiments in which the subject matter may be
practiced. The embodiments illustrated are described in suf-
ficient detail to enable those skilled in the art to practice the
teachings disclosed herein. Other embodiments may be uti-
lized and derived therefrom, such that structural and logical
substitutions and changes may be made without departing
from the scope of this disclosure. This Detailed Description,
therefore, is not to be taken in a limiting sense, and the scope
of various embodiments is defined only by the appended
claims, along with the full range of equivalents to which such
claims are entitled.

Such embodiments of the inventive subject matter may be
referred to herein, individually and/or collectively, by the
term “invention” merely for convenience and without intend-
ing to voluntarily limit the scope of this application to any
single invention or inventive concept if more than one is in
fact disclosed. Thus, although specific embodiments have
been illustrated and described herein, it should be appreciated
that any arrangement calculated to achieve the same purpose
may be substituted for the specific embodiments shown. This
disclosure is intended to cover any and all adaptations of
variations of various embodiments. Combinations of the
above embodiments, and other embodiments not specifically
described herein, will be apparent to those of skill in the art
upon reviewing the above description.

What is claimed is:

1. A radar system comprising:

a transmitter for generating a plurality of electromagnetic
pulses defining a pulse burst of a given pulse repetition
frequency (PRF) in a coherent interval;

a receiver;

an antenna operatively coupled to the transmitter and the
receiver; and
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a first processor operatively connected to the output of the

receiver, the first processor is configured to:

measure the plurality of pulses output from the transmit-
ter in the coherent interval,

compare the measured pulses output from the transmit-
ter to a reference pulse, the reference pulse being the
last pulse in the coherent interval,

generate a compensation factor representing the differ-
ence between at least one of the measured pulses
output from the transmitter and the reference pulse,
and

apply the compensation factor to a return signal corre-
sponding to the measured transmitter pulse output.

2. The system of claim 1, wherein the receiver comprises an
analog to digital converter.

3. The system of claim 2, further comprising a second
processor configured to control the on and off timing of the
analog to digital converter.

4. The system of claim 3, wherein the second processor is
configured to turn the analog to digital converter on during at
least a portion of the time the transmitter is generating the
pulse output.

5. The system of claim 1, wherein the pulse output of the
transmitter is provided to the receiver via at least one of a
direct coupling, antenna reflection, and power leakage
between operating channels of the transmitter and the
receiver.

6. The system of claim 1, wherein the step of generating a
compensation factor includes taking the complex conjugate
of the peak of the measured pulse output of the transmitter.

7. The system of claim 1, wherein the steps of measuring
the pulses output from the transmitter, comparing the mea-
sured pulse output of the transmitter to a reference pulse,
generating a compensation factor representing the difference
between the measured pulse output and the reference pulse,
and applying the compensation factor to a return signal cor-
responding to the measured transmitter pulse output are made
for each pulse output by the transmitter.

8. A method of compensating for transmitter instability of
a radar system comprising:

transmitting a plurality of electromagnetic pulses defining

apulse burst of a given pulse repetition frequency (PRF)
in a coherent interval;

measuring at least one characteristic of a transmitted pulse

in the coherent interval;

comparing the at least one measured characteristic of the

transmitted pulse to a reference pulse characteristic, the
reference pulse characteristic being the last pulse in the
coherent pulse interval;

generating a complex weight corresponding to the at least

one electromagnetic pulse; and

applying the complex weight to a received return corre-
sponding to the measured transmitted electromag-
netic pulse.

9. The method of claim 8, further comprising the step of
receiving the transmitted pulse with a receiving channel of the
radar system.

10. The method of claim 9, wherein the transmitted pulse is
received via at least one of a direct coupling, antenna reflec-
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tion, and power leakage between a transmitting channel and
the receiving channel of the radar system.

11. The method of claim 10, wherein the receiving channel
comprises an analog to digital converter.

12. The method of claim 11, further comprising the step of
activating the analog to digital converter during at least a
portion of the time the transmitting channel is generating the
electromagnetic pulse.

13. The method of claim 8, wherein the step of generating
a compensation factor includes taking the complex conjugate
of the peak of the measured transmitted pulse.

14. The method of claim 8, wherein the steps of measuring
at least one characteristic of the transmitted pulse, comparing
the at least one measured characteristic of the transmitted
pulse to a reference pulse characteristic, generating a com-
plex weight corresponding to the at least one measured elec-
tromagnetic pulse, and applying the complex weight to a
received return corresponding to the measured transmitted
electromagnetic pulse are made for each transmitting pulse of
the transmission channel.

15. A radar system comprising:

a transmitter for generating an electromagnetic pulse;

a receiver;

a plurality of Doppler filters coupled to the output of the

receiver;,

an antenna operatively coupled to the transmitter and the

receiver; and

a first processor operatively connected to the output of the

receiver, the first processor is configured to:

measure the pulse output from the transmitter,

compare the measured pulse output of the transmitter to
a reference pulse,

generate a compensation factor representing the differ-
ence between the measured pulse output and the ref-
erence pulse, and

altering coefficients of the Doppler filters using the com-
pensation factor.

16. The system of claim 15, wherein the reference pulse
comprises the last pulse in a coherent interval.

17. The system of claim 15, wherein the step of generating
a compensation factor includes taking the complex conjugate
of the peak of the measured pulse output of the transmitter.

18. The system of claim 15, further comprising a second
processor configured to control the on and off timing of an
analog to digital converter of the receiver.

19. The system of claim 18, wherein the second processor
is configured to turn the analog to digital converter on during
at least a portion of the time the transmitter is generating the
pulse output.

20. The system of claim 15, wherein the steps of measuring
the pulse output from the transmitter, comparing the mea-
sured pulse output of the transmitter to a reference pulse,
generating a compensation factor representing the difference
between the measured pulse output and the reference pulse,
and altering coefficients of the Doppler filters using the com-
pensation factor are made for each pulse output by the trans-
mitter.
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